The proposed paper presents a 500 W, universal input, wireless electric vehicle battery charging system using a non-conventional compensation topology. An algorithm to compensate Loosely Coupled Inductive Power Transfer (LCIPT) systems with such topology is explained. The design and implementation of each power converter, as well as the coils manufacturing process, is briefly covered. Experimental results are shown to validate the expected system behavior. 
I. INTRODUCTION
The increasing investments in renewable energies, as well as the efforts to mitigate air pollution, have led recently to a significant interest in electric vehicles (EVs) [1] , both from the side of the consumer and the automotive industry. Moreover, the need of autonomy and practicality makes the use of a high-efficiency wireless charging system undoubtedly mandatory for its wide commercial implementation [2] - [4] .
A worldwide impact of this technology is expected in a near future, thus a huge concern lies on the power grid system impact that a large number of users would cause to the power quality [5] . That is why high efficiency, high power factor and low harmonic distortion are essential features for such battery chargers.
When designing Loosely Coupled Inductive Power Transfer (LCIPT) systems, high efficiencies can only be achieved by using compensations. Capacitors are usually added in different configurations on both primary and secondary sides to compensate the coils reactive power. There are four classical compensation topologies commonly found in the literature: Series-Series (SS), Series-Parallel (SP), Parallel-Series (PS) and Parallel-Parallel (PP) [6] , [7] . Each one of them gives the system a different characteristic in terms of stability and power transfer capability when subjected to misalignment.
In accordance with [8] , a non-conventional type of resonance, SPS, is proposed. It is a mix of SS and PS topologies: Series-Parallel compensation on the primary side and Series compensation for the secondary side. It blends the relatively good SS power transfer capability with the PS stability, resulting in a better behavior across a set of parameter variations as well as stability for any range of displacement between coils.
However, this topology does not allow practical implementation, since the presence of the parallel capacitor on the primary stage makes the implementation of the zerovoltage-switching (ZVS) strategy inefficient and dangerous.
The following paper presents a methodology to compensate an LCIPT system with a non-conventional topology -LSPS, which has an inductor in series with the primary SP capacitors -that overcomes the above-mentioned SPS problems. It also presents a complete 500 W, universal input, wireless battery charging system that uses this approach.
The present document is organized in the following way: first, an overview of the implemented prototype features is presented. In the subsequent section, the main equations for the LSPS topology are derived. The actual system implementation process is covered in section V. Next, experimental results are shown. Finally, conclusions and future works are addressed.
II. IMPLEMENTED SYSTEM OVERVIEW
When implementing the following LCIPT system, the main optimization goal was the reduction of the product cost, weight and complexity. By setting the secondary coil voltage to the rated battery voltage in the design phase, the secondary stage was remarkably simplified. The main advantage of this strategy is that it could be easily placed in any EV with little volume and cost for the owner. Along with the LSPS compensation topology, the system intends to transfer rated power efficiently even when subjected to a considerable wide range of misalignment. Figure 1 shows the system organization, while Table I shows its main features. 
III. LSPS TOPOLOGY
In the current section the calculations of the electrical parameters are determined by using Kirchhoff's laws. Figure  2 shows the model used to derive all equations.
Fig. 2. LSPS compensation model.
To simplify the calculations, first of all, the system is compensated as a PS topology, i.e., assume that � �� , � � and � � are not considered in the circuit yet. Using Kirchhoff's voltage law for the primary coil (� � mesh) and for the parallel capacitor (� �� mesh), (1) and (2) are obtained:
Applying Kirchhoff's current law, the primary coil current can be represented by:
Substituting (3) into (2):
Now, for the secondary coil, Kirchhoff's voltage law is applied and the secondary current � � is obtained:
Considering � � = � � , (5) can be substituted in (1) , and � � �� is simplified as:
Then, the part between brackets can be separated into reflected impedance (� � ) and primary coil impedance (� � ), as observed respectively in (7) and (8) . The simplified equivalent circuit is then illustrated in Figure 3 . The use of both (7) and (8) leads to the total impedance � ��� seen from � �� , represented as:
Looking at the topology as a simple PS compensation, which means that � � and � �� are still not considered, � �� must compensate the total reactive part of � ��� , that is:
It is important to highlight that the resonance frequency is the same for both primary and secondary stages, and it can be calculated as:
Finally, from (10) and (11) , the resonance capacitance values are obtained according to:
As aforementioned, the capacitance calculations were performed considering a PS compensation. Now, a reduction factor is applied intending to reduce the influence of � �� over the system and, therefore, � �� is recalculated as � �� ��� :
The total PS impedance seen by � �� is then recalculated as:
For the entire system total impedance calculation, the inductance � � and � � must also be considered, resulting in the final impedance given by:
Consequently, the series capacitor � �� must be tuned in order to compensate the imaginary part of the total impedance (� � ).
.
(17)
In order to find the mutual inductance with respect to different displacements between the coils, it was necessary to use Neumann's formula as an approximation [9] . It depends on the number of turns, radius and arrangement of the coils. To simplify, the coupling factor (� = 0.25) was empirically obtained for our set of coils from previous experiments. Hence, the mutual inductance can be computed according to:
The choice of � � , aiming to reduce displacement effects, is based upon the obtained values presented in the following figures. Figures 4 and 5 show the power delivered to the load (� � ) and the input apparent power (� � ), respectively, against misalignment. These figures provide an effective way to match the transferred power to the total apparent power requested and tolerated by the system when a misalignment occurs.
Notice that Figure 4 shows � � almost constant up to 10 cm of displacement, and Figure 5 shows that � � is also kept approximately constant even in the absence of a secondary stage when choosing � � = 0.85. Therefore, a stable behavior with capability of delivering rated power within 10 cm is expected without the need of closed loop control, or an oversized voltage source when decreasing the primary side parallel capacitor to 85% of � �� .
Summarizing, low � � values allow high misalignment, with an oversized source, which means that the system behaves more like an SS topology. Whereas, high � � values tend to prohibit rated power transference under the mentioned circumstances, behaving like a PS topology. Figure 6 briefly shows the behavior of the total impedance when subjected to misalignment for classical compensations (SS, SP, PS and PP) in order to compare them with LSPS. Notice that the total LSPS impedance seen by the source is substantially constant for a wide range of misalignment or even in the absence of the secondary stage. Following, the maximum power transfer frequency and maximum efficiency frequency are derived. Consider that the imaginary part of � � was zeroed, then, the total impedance seen from the input source � � is totally resistive. Thus, the real part of � � must satisfy (19) aiming to reach the maximum power transfer.
Then, the frequency that gives maximum power transfer is simply reduced to:
(20)
Nonetheless, � �� is not the optimum operating point with respect to the system efficiency. Intending to examine this essential aspect, (21) could be intuitively obtained:
It is possible to find the relation between I1 and IP by substituting (6) in (4):
For the information presented in Table II , the calculated � value was 0.357, meaning that the power loss in � � can essentially be neglected. The ratio of � � to � � is simply obtained from (5) and it is represented by:
By substituting (22), (23) and (24) in (21), the system efficiency can be directly represented as:
Finally, it is possible to conclude that the maximum efficiency is obtained when achieving the following condition:
(26)
IV. SIMULATIONS
In order to evaluate the LSPS topology, some preliminary simulations were needed. First of all, primary and secondary self-inductances were determined considering features such as primary input voltage (� � ) presented in Figure 7 , and efficiency, seen in Figure 8 . To find the coil design that would result in an adequate and efficient system, primary and secondary self-inductances were 3D-ploted against primary input voltage (� � ) and efficiency. A primary and secondary self-inductances around 280 µH and 140 µH, respectively, associated with a primary voltage around 280 V (green region) and efficiency around 94% (dark red region) were then stablished.
After defining � � , � � and � � , all parameters were calculated in accordance with the before-mentioned equations and the pre-stablished rated output voltage and output power. The parameters are presented in Table II . 
For the choice of � � , it was noticed that its value was in direct relation to the voltage across the inductor, the capacitance value � �� as well as its voltage � ��� . A value of � � around 160 µH was then chosen as it resulted in a feasible value for � �� (76 nF) and its associated voltage � ��� (177 V).
After defining all the necessary parameters, which can be found in Table II , the system performance was characterized through a set of numerical simulations depicted in Figures 9  and 10 .
As stated in the previous section ( Figures 5 and 6) , the choice of a proper reduction factor can balance the series and parallel compensations in such a way that the equivalent impedance seen by the source remains practically constant, even when the coils are not aligned. Hence, as expected, even if the power transferred to the load decreases drastically (� � ), the source current (� � ) only decreases approximately 10%. This characteristic (Figure 9 ) is important because it guarantees the system stability when the secondary coil is not present, which is an intrinsic problem found on the SS topology. Moreover, although the power transfer capability is affected by displacement effects, the efficiency of this energy transfer is not. The curve presented in Figure 10 shows that for 10cm of misalignment, the requirement for this prototype, the efficiency is essentially constant. 
V. DESIGNS AND IMPLEMENTATIONS

A. Primary Stage Power Converters
As shown in Figure 1 , the primary stage is composed of two blocks: an input converter, which rectifies and adjusts the voltage level to the one required by the coils; and an inverter, which adequates the frequency to the resonance design frequency.
Since the primary coil and its compensations require voltage levels around 280 VAC to transmit 500 W, and the grid voltage may vary from 85 to 240 VAC, the system is connected to the power grid through a full-wave bridge rectifier and a boost converter, as shown in Figure 11 . The control of this block was accomplished by using the UC3854. This integrated circuit has three different loops: a fast inner feedback current loop that corrects the power factor, a slow outer feedback voltage loop that regulates the output voltage, and a feed-forward path that uses the input voltage to compensate disturbances without waiting for it to propagate to the output. The magnitude of this intermediate DC bus voltage controls the power transferred between the primary and secondary coils. The DC-AC conversion is performed by an H-bridge inverter composed of four MOSFETs (CMF10120) that switch at 31.5 kHz. A dsPIC33F microcontroller (MCU) development board was designed and used to generate the necessary PWM signals. The switching signals pass first through a buffer (MC14503) and then proceed to the gate drivers (HCPL3180). Push buttons were added to enable frequency and duty cycle variations. Due to its high power dissipation, EMI emission and switching stress, the hard switching technique was avoided [10] - [12] and, in its place, the zero-voltage-switching (ZVS) was introduced. Figure 12 illustrates the process of generating the necessary PWM signals. As stated above, the use of ZVS without the occurrence of short circuits in the parallel capacitor is only possible due to the series inductor compensator. Furthermore, bootstrap capacitors were used to reduce the number of necessary power supplies.
Still on the primary side, a flyback generates the necessary power supplies for the power converters and MCU. It takes as input the boost output voltage and produces three isolated outputs: +19 VDC, +12 VDC and +7 VDC.
B. Coils Design
In order to achieve high efficiency in the coils stage, it is crucial to obtain low resistances in their design process. Aiming to avoid any skin effect, the AWG choice of the litz wire was based according to (27) . For a 31.5 kHz operating frequency, AWG21 was used.
where: � -skin depth; � -copper resistivity; � -operating frequency; � � -vacuum magnetic permeability.
As the air has a constant magnetic permeability, the inductance is a function of the chosen geometry. Instead of other configurations, a planar shape was chosen considering better coupling factor across misalignments, while the circular disposition was selected due to its symmetry when subjected to misalignments. Using (28) to (30), the inductance for this geometry can be calculated: Nlitz -number of litz wires; K � -adjusting factor to account for imperfections in the manufacturing process.
To obtain a feasible design for the coils, it is needed to match physical constraints to theoretical requested inductances. In this application, the coil maximum diameter was limited to 50 cm. Figure 14 presents a picture of the system's primary coil, which is composed of 14 wires of AWG 21. A flowchart that describes the design algorithm is shown in Figure 13 : 
C. Secondary Stage Power Converter
On the secondary side, a synchronous rectifier with four N-channel MOSFETs (IRFP4468) was used to charge the battery bank. To avoid using another microcontroller or complex driving circuits, the switches are triggered by using high frequency transformers. The criterion to select the turn ratio is given by:
where: � � -primary number of turns; � � -secondary number of turns; � �� _�� -peak value of the input voltage; � ��_��� -MOSFET maximun � �� .
Since the selected switch has � ��_��� of 20 V and the voltage peaks were near 75 V, two 4:1 transformers were manufactured. Figure 15 presents the complete schematic.
The fact that the battery imposes its voltage on the rectifier may cause a short circuit with the coils alternating voltage. Therefore, a diode is needed to block any reverse current coming from the battery. Aiming to increase efficiency, this diode was replaced by a fifth MOSFET (Q5), which is triggered by a dedicated IC (IR1167). Apart from being simple, this topology also presented efficiency up to 98% at 500 W, which was very satisfactory for this application.
VI. EXPERIMENTAL RESULTS
A picture of the complete system is presented in Figure 16 , which is organized as follows: 1 -primary stage converters and compensations with total volume of 3.5 l, 2 -pair of coils with approximately 25 cm of radius; 3 -secondary side converter with volume of 1.5 l, and 4 -lead-acid batteries. It is important to mention that, since a flyback converter is incorporated in block 1, all the efficiency measurements present in this section already take into account auxiliary circuits and power supplies. When delivering rated power, the prototype power factor is always greater than 0.98 for the entire range of input voltages (85 VAC to 240 VAC). Figure 17 presents the input voltage and current waveforms when transferring 480 W. In such case, the current THD was calculated considering up to the 30th harmonic order, resulting in a value of 13%. Fig. 17 . Input voltage (yellow) and input current (green) waveforms.
In Figure 18 , each color is associated with a different label as explained in the following. The batteries constant voltage (V_BAT) is shown in yellow. In green (I_BAT), the batteries charging current is noticed. This current is rectified and consequently oscillates at twice the inverter frequency (31.5 kHz). The inverter output voltage (V_INV) is presented in blue. It is clearly observable the presence of three levels as a consequence of zero voltage switching. Finally, the inverter output current is presented in red (I_INV). Two transient periods are present at each semi cycle of this current. The shortest one happens during the freewheeling period when the converter sets zero voltage over the load. During this period the current decreases around zero. It represents a resonance that conducts to a turn-on zero current switching. The second period (largest one) is associated with the power transfer itself. Figure 19 shows two of the before mentioned results (synchronous rectifier output) together with voltage and currents across the synchronous rectifier input. Notice that the secondary coil (I_OUT in red) delivers a 31.5 kHz sinusoidal current, whereas the voltage has a quasi-squared shape imposed by the batteries bank. Several tests were conducted in order to analyze the overall efficiency. Some of these results were selected and they are presented in the following. In advance, it is important to mention that a discussion about total and distributed losses is made at the end of this section.
In Figure 20 the system is operating at rated power and the input voltage is varying. The continuous lines represent measured values whereas the dotted lines represent extrapolated values based on the curves tendency. It is worth mentioning that these essays were performed for two different frequencies (30.5 kHz and 31.5 kHz). The lower one (30.5 kHz) is the design frequency, theoretically applied for all calculations. The second one (31.5 kHz) is the effective resonance frequency, experimentally found out after the implementation of the compensators. For the results presented in Figure 20 , there was no displacement between the coils and the air gap was of 15 centimeters. Essentially, the collected results proved that the higher frequency presented a small gain of efficiency as expected. In order to evaluate the power loss profile, efficiency was measured by output power variations. Figure 21 presents the overall efficiency considering an output power range from 350 W to 500 W, input voltage of 220 VAC and no misalignment between coils. In both situations, the battery voltage was around its rated value of 48 V. The tendency to reduce efficiency if the output power increases suggests that conduction losses are prevalent throughout the circuit.
Finally, Figure 22 presents the efficiency for a misalignment of 10 cm and input voltages of 220 VAC. The decrease of efficiency due to displacement was somewhat modest if compared to other topologies. This result was important to prove the stability of the system throughout coils displacement in accordance with the theoretical approach presented in previous sections. The individual efficiency of each power stage was also measured. The system analysis was performed under the following conditions: input voltage of 220 VAC, rated output power (500 W) and aligned coils with 15 cm of air gap between them. The power losses distribution along each block can be seen in Figure 23 .
Evidently, these results confirm that the first stage efficiency must be improved in order to guarantee less energy dissipation. Some attractive topologies for high efficiency boost rectifiers are thoroughly described in the literature [13] . Still regarding to decrease losses, an alternative could be both redesigning the coils with lower parasitic resistances [14] and increasing the coupling factor by either more appropriate coils geometry or using ferrite on them [15] . 
VII. CONCLUSION
A complete 500 W wireless battery charging system was fully designed and implemented. Its main characteristics are: maximum wall-to-battery efficiency of 85%, universal input, power factor greater than 0.98, THD lower than 14%; 15 cm of air gap between coils, and capable of transferring rated power even when subjected to 10 cm of misalignment in any direction. Moreover, since expensive ferrite bars were not used to increase the coupling factor, the total manufacturing cost for 5000 units was kept low, around U$250. The present prototype applications can also be extended to systems besides EVs.
The secondary stage was remarkably simplified in terms of circuitry and optimized in terms of volume, considering that it is only composed of the secondary coil, a series capacitor compensator, and a synchronous rectifier with a passive MOSFETs triggering circuit.
An extensive study of the resonance compensation phenomenon is mandatory to reach high efficiencies in the wireless power transfer stage. Furthermore, the choice of the compensation topology is what defines the system behavior when facing misalignments and its operation outside the design frequency. The LSPS compensation, with the careful selection of the reduction factor, was the key to enable rated power transfer even when the coils were not perfectly matched, and to enable the use of the ZVS switching strategy in the H-bridge inverter.
It is important to maintain a high degree of precision in the resonance design process, i.e., when designing the coils and selecting the compensator values. Nevertheless, since some resonance bands may be narrow, the final complete system's resonance frequency should be found empirically to ensure maximum efficiency.
Lastly, future works include the design of a bridgeless boost converter for the input stage and the feedback of the secondary voltage and current information to the primary side MCU. This could lead the complete charging process to be autonomous and, thus more reliable.
